The existing freezing and thawing test method of structural concrete leaves much room for improvement from the viewpoint of materials science research; that is, the concrete specimen is too large and heavy and the testing procedure is so time-consuming that the test itself cannot be practically used for evaluation of durability. Thus, the surface defect ratio has been defined on the basis of the fact that the gradual process of surface deterioration, namely, the popping-out, is fundamentally related to the internal destruction of concrete. This paper deals with the relationship between the relative dynamic modulus of elasticity, the number of freezing and thawing cycles, and the surface defect ratio. Thus it proposes a practical evaluation method of the compressive strength of structural concrete, which uses a new durability index of the surface defect ratio.
INTRODUCTION
The existing freezing and thawing test method applied to evaluate the durability of concrete under meteorological action is used globally. Numerous research works on the freezing and thawing meteorological action and durability improvement have been carried out to date. The relative dynamic modulus of elasticity and the mass change have been used as the detection index for determining the degree of deterioration of a concrete structure, in which the former can be determined on the basis of the ultrasonic propagation velocity but the latter cannot be determined practically. Therefore, a useful index in place of the mass change has been desired. Kamata and Koh [1] and Yamato [2] described that the residual expansive strain in the event of thawing corresponded well to the deterioration characteristics. Saeki et al. [3] indicated that the water content at the onset of surface scaling revealed the degree of deterioration. Yamura et al. [4] reported that the "Kaiser effect" by virtue of the AE signal is useful for determining the specimen deterioration under the freezing and thawing action. Hama et al. [5] presented an empirical formula based on the meteorological factors to estimate the service lifetime.
It can be understood as stated above that the ideal specimen type and exposure temperature are still required for evaluating the degree of deterioration of structural concrete. However, the test conditions leave much room for improvement,
In particular, the exposure temperature and the shape and dimensions of the test specimen are the most were adopted on the basis of the experimental findings [6, 7] . The JSCE Standard [8] in accordance with the ASTM Designation C-666 specifies the temperature range but it should be considered that there is no need to lower the exposure temperature until extreme temperatures are reached from the viewpoint of surface deterioration. Thus, the freeze thaw cyclic action under the thermal condition to initiate to freezing ought to be ideal as an accelerative method. The above-mentioned temperature improvement has been applied in the resent study.
The authors [6, 7] have previously reported the surface deterioration mechanism caused by the poppingout and clarified that in particular, the variation of mass is the physical index that should be structure-insensitive. Thus, the "surface defect ratio" in. place of the variation Table 1 . Specified mix proportion of AE concrete. of mass has been found and defined for the first time
The present paper describes the relationship between the new characteristic index and the compressive strength and the validity of the effect of the index of durability deterioration from the viewpoint of materials science.
EXPERIMENTAL PROCEDURE
The test specimens used are cylindrical and have the 45min/cycle in accordance with the rationalized test method described in the previous report [7, 8] . Table 1 displays the specified mix-proportion of AE concrete entrained with the apparent air content of 3%; after preparation, the specimens were cured underwater for 14 days. The following data are obtained for the specimens; the mass, the relative dynamic modulus of elasticity and the characteristic dimensions corresponding to the major diameter of A and the minor one of B of a small crater which popped out on the concrete surface. Figure 1 illustrates the microcrater circled with the bold lines in (a) on the surface of the specimen as an example. Here, the where S is the total surface area of the specimen. It is also clear from Fig. 2 why it is recommended that the water-cement ratio and the unit content of cement be below 55% and above 270kg, respectively, in order to secure the extreme meteorological environments [9] . The present study does not deal with the mass variation, because it is a structureinsensitive property [7] . Figure 3 indicates the relationship between the surface no major difference between the surface defect ratios for the water-cement ratios W/C of 50% and 55%, similarly to the case of the dynamic modules of elasticity. In general, the difference is small, but it increases rapidly above W/C = 55% and 200 cycles. This reveals that the decrease of the dynamic modules of elasticity indicates the multiplication ofthe internal microcracks, and the increase of the surface defect ratio indicates that the surface deterioration proceeds inside the structural concrete member. Equation (3) has been quantitatively formulated with reference to the relationship between the internal physical property and the degree of external damage to the concrete concrete structure is observed. In general, the end conditions of the freeze-thaw test under the existing Standard [3] are at 300 cycles or below the relative dynamic modulus elasticity of approximately, with 8.0% being suitable for an important "deterioration index ," com soondin~ to the limiting durability dynamic modules of elasticity for the existing concrete structure is not easier than that of the surface defect ratio. Figure 5 represents the relationship between the compressive std and the dynamic modules of elasticity of concrete, obtained by rearrangement of the previously obtained data [10] similar to the result in [11] , together with its static 
Surface Deterioration Mechanism
Though the primary cause of the conventional deterioration mechanism of concrete is considered to be the internal collapse [14] , the present paper takes into account the fact that the surface deterioration, that is, the scaling resulting from the gradual popping-out, proceeds toward the interior of the concrete on the basis of a visibly observed phenomenal fact. In general, one of the main causes of surface deterioration is the freezing pressure of water which has permeated into isolated bubbles. On the assumption that the elastic rupture of the thick shell occurs due to the freezing pressure as illustrated in Fig, 6 , where T is the fizzing temperature.
When the internal stress beginning or the stagnation of elastic mpture. Furthermore, the freezing temperature in such a critical state may be called the "critical temperature," Tc Figure 7 displays the relationship between the radius ration and the freezingtemperatu a as a parameter of the characteristic compressive strength of concrete, considering the critical temperature. The figure suggests the following conclusions. strength and the freezing temperature, are "strcture-sensitive" under the kink, that is, the singular radius ratio obtained from the log-log expression of the radius ratio versus the freezing temperature curves. On the other hand, it becomes "structureinsensitive" overthe kink.
quality of concrete from the sinic ure-sensitive layer to the structure insensitive layer. Here, the structure-sensitive layer should be called the "critical layer" under the freezing and thawing action . This critical layer may correspond to the "critical absolutely dried depth," that is, the depth at which the surface cracking is initiated underthe wet and dry action [11] .
0.63mm; therefore, the critical layer b is approximately 0.7mm, which is smallerthan 1mm regardless of the concrete strength. Now, the present problem is analyzed by modeling an isolated bubble upon a plane stress state; however, when it is dealt with as a pressurized sphere in the senvinf rite body, the maximum tensile stress at the vertex is moderated to some extent as compared with the former case [16, 17] ; so, the present analysis is evaluated inside the safety zone.
Practical Application
Both the dynamic modules of elasticity and the compressive strength can be evaluated by using the surface defect ratio for the inspected deteriorated concrete structure, according to the steps ofthe procedure shown in Fig. 8 .
The initial minimum condition for evaluating the durability of the structures is the compressive strength of structumi elasticity (EDO) can be determined. Furthermore, the degree of deterioration of the structure due to the meteorological action As is clearly evident from this example, the compressive strength decreases even under 52% of the initial strength, although ED is over the critical relative dynamic modulus of elasticity.
Therefore, this indicates that the concrete structure must be reconsidered also from the viewpoint of the load-carrying capacity of its member.
The variation of the decreasing muss of the specimen was negligible until the complete 300 cycles of exposure. Now, the decreasing by Eq. (7), by applying the error-propagation rule to its fundamental equation [3] . (7) 4. CONCLUSION
The present paper proposes a practical freezing and thawing test method from the viewpoint of materials science research and its validity has been verified on the basis of the new deterioration index in the case of the dominant environment of the freezing and thawing action.
(1) The surface deterioration resulting from the popping-out proceeds to the interior of structural concrete as if the thin skinlike layer were tom off. ( 2) The present paper described a simplified hypothetical two-dimensional elastic failure model for explaining the popping-out mechanism; thus, it has been confirmed by analysis that there is a possibility that the matrix can easily be popped out under a low temperature near the freezing point, on the basis of this model. (3) The "surface defect ratio" has been defined as the structure-sensitive physical quantity in place of the structureinsensitive mass variation. (4) The relationship between the structure-sensitive relative estimated, if the surface defect ratio on the existing concrete structure is observed. (6) The compressive strength of existing structural concrete canbe estimated as follows. (7) It is worth mentioning that the relative dynamic modules of elasticity decreases to approximately 60% when the surface (8) The critical relative dynamic modules of elasticity can be an importantcritenon for judging structural rehabilitation. (9) The mechanism of surface deterioration due to the popping-out and the existence of a structure-sensitive critical layer contributing to the durability have been analyzed. (10) The comparatively structure-sensitive dynamic modules of elasticity basically depends on the detection precision of its to the internal microcracks, in other words, the propagation velocity of the stress wave.
